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Because  of  the  fuel  flexibility  of  Solid  Oxide  Fuel  Cells  (SOFCs),  various  types  of  fuels  may  be  applied 
directly  or  via  a  simple  reforming  process,  including  hydrocarbons,  alcohols,  coal  gas,  biogas,  besides 
hydrogen.  However,  various  types  of  minor  constituents  in  practical  fuels  and/or  from  the  system  com¬ 
ponents  can  cause  chemical  degradation  of  SOFCs,  such  as  anode  and  cathode  poisoning  phenomena.  In 
this  study,  we  compare  the  influence  of  various  external  impurities,  including  sulfur,  chlorine,  phospho¬ 
rus,  boron,  and  siloxane  for  anodes,  and  H20  and  S02  for  cathodes,  on  SOFC  performance  to  have  a  general 
overview  on  long-term  chemical  durability  of  SOFCs.  Chemical  compatibility  of  Ni  with  foreign  species 
has  also  been  thermochemically  considered.  Using  common  model  cells,  the  stability  of  cell  voltage,  elec¬ 
trode  overpotential,  and  ohmic  loss  up  to  3000  h  has  been  experimentally  examined  for  H2 -based  fuels, 
for  hydrocarbon-based  fuels,  and  for  partially  pre-reformed  CH4-based  fuels.  Increase  in  degradation 
rate  by  impurities  was  verified  for  various  operational  parameters.  Impurity  poisoning  mechanisms  are 
discussed  for  each  specific  impurity. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  Oxide  Fuel  Cells  (SOFCs)  can  be  regarded  as  the  most  flex¬ 
ible  fuel  cells  with  respect  to  fuel  selections,  so  that  the  use  of 
various  types  of  fuels  has  been  considered  [1,2].  Practical  fuels, 
however,  contain  minor  constituents  as  impurities.  In  addition,  due 
to  a  relatively  high  operational  temperature  of  SOFCs,  impurities 
with  a  high  vapor  pressure  can  also  be  evaporated  from  their  sys¬ 
tem  components,  causing  contamination  of  the  SOFC  systems.  As 
illustrated  in  Fig.  1,  such  extrinsic  impurities  can  cause  chemical 
degradation  of  SOFCs,  as  reported,  e.g.  for  sulfur  [3-9]  and  other 
impurities  [10,11].  In  fact,  as  reported  by  Yokokawa  et  al.  [12],  it 
has  been  confirmed  that  various  impurities  do  exist  in  SOFC  sys¬ 
tems.  In  addition,  the  use  of  inexpensive  system  components  and 
raw  materials  with  lower  purity  may  cause  impurity  poisoning  of 
SOFC  systems.  Poisoning  effects  by  external  contaminants  should 
be  taken  into  account  also  for  the  SOFC  cathodes  because  ambient 
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air  is  continuously  supplied  directly  to  the  cathodes  during  oper¬ 
ation  up  to  a  decade.  In  the  present  study,  chemical  degradation 
of  SOFCs  is  therefore  considered  based  on  thermochemical  calcula¬ 
tions,  long-term  poisoning  tests  up  to  3000  h,  and  microstructural 
observations,  using  common  model  cells  for  comparison. 

2.  Thermochemical  consideration 

Thermochemical  calculations  are  useful  to  derive  the  equi¬ 
librium  compositions  of  fuels  and  the  stability  diagrams  with 
impurities  in  the  SOFC  operational  temperature  range.  Such  cal¬ 
culations  for  sulfur  compounds  have  been  revealed  that  H2S  is 
the  most  stable  sulfur-based  compound  in  the  SOFC  anode  envi¬ 
ronment  [13].  The  equilibrium  concentrations  of  other  sulfur 
compounds,  such  as  COS  and  CH3SH  are  negligibly  low  assuming 
thermochemical  equilibria. 

In  addition,  the  reactivity  of  impurities  with  SOFC  component 
materials  can  dominate  their  chemical  degradation.  In  order  to 
know  the  reactivity  of  impurities  with  Ni  anodes,  stability  dia¬ 
grams  of  C-H-O-Ni-X  systems  and  Ni-H-O-X  systems  have  been 
thermochemically  calculated  where  X  donates  an  impurity  ele¬ 
ment.  Thermochemical  calculation  software,  FactSage  (Version  5.2, 
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Fig.  1.  Possible  impurity  contaminations  of  SOFCs. 


Thermfact  Ltd.  (Montreal,  Canada)  and  GTT-Technologies  (Aachen, 
Germany)),  was  applied  to  derive  the  equilibrium  diagrams.  As 
examples,  the  C-H-O-Ni-S  diagrams  calculated  for  (a,  c)  600  °C 
and  (b,  d)  800  °C  are  shown  in  Fig.  2,  assuming  the  H2S  concentra¬ 
tion  of  (a,  b)  5  ppm  and  (c,  d)  1 00  ppm  in  the  fuel  and  the  sufficient 
availability  of  Ni  compared  to  H2S.  The  diagram  for  600  °C  clearly 
shows  that  the  stability  region  of  Ni3S2(s)  does  exist  in  a  hydrogen- 
poor  region  near  the  line  connecting  the  positions  of  C,  CO,  C02, 
and  H20.  The  stability  region  of  Ni3S2  is  almost  disappeared  at 
800  °C,  but  Ni3S2  exists  as  the  liquid  state  (see  Fig.  2(b)  and  (d)). 
The  stability  region  of  NiS04(s)  exists  in  the  oxygen-rich  region 
specified  by  the  triangle  connecting  the  positions  of  02,  C02,  and 
H20.  Since  fuel  cell  gases  consist  mainly  of  carbon,  hydrogen,  and 
oxygen,  such  C-H-0  ternary  diagrams  [14]  are  useful  to  predict  the 
chemical  reactivity  with  impurity  species  for  a  given  SOFC  fuels  of 
interest. 

Thermochemical  calculation  was  also  applied  to  derive  stabil¬ 
ity  diagrams  of  the  Ni-H-O-X  (X:  S,  P  and  B)  systems  in  a  H2-rich 
atmosphere  (assuming  Ph2  ~  1  bar  in  the  calculations)  at  800  °C, 
as  shown  in  Fig.  3(a)  for  the  Ni-H-O-S  system,  in  Fig.  3(b)  for 
the  Ni-FI-O-P  system,  and  in  Fig.  3(c)  for  the  Ni-H-O-B  system. 
Fig.  3(a)  clearly  indicates  that  Ni3S2  can  be  formed  only  at  H2S  con¬ 
centrations  much  higher  than  several  ppm.  As  shown  in  Fig.  3(b), 
phosphorus  is  considerably  reactive  to  form  various  Ni-phosphides 
such  as  Ni5P2  and  NiP3,  even  at  a  very  low  phosphorus  concentra¬ 
tion.  Fig.  3(c)  indicates  that  Ni4B3(s)  and  NiB(s)  may  be  stable  at  a 
high  boron  (FIBO(g))  concentration  in  the  reducing  atmosphere  at 
800  °C.  For  the  Ni-FI-O-Cl  system  [10,16],  it  has  been  confirmed 
that  NiCl2(s)  is  stable  even  when  approximately  lOOppb  Cl2  is 
contained  in  fuel  gases  at  800  °C,  indicating  that  considerably  low 
concentration  of  Cl2  could  affect  Ni-based  anodes  via  the  forma¬ 
tion  of  NiCl2.  Siloxanes,  which  might  be  supplied  as  Si(OH)4(g)  to 
anodes,  were  found  to  be  decomposed  to  Si02(s),  the  most  stable 
form  of  silicon-based  compounds  [10]. 


3.  Experimental  procedures  for  poisoning  tests 

Durability  of  SOFCs  against  poisoning  by  various  impurity 
species  has  been  characterized  and  compared  using  zirconia-based 
model  cells.  Electrolyte-supported  cells  were  used  in  most  of  dura¬ 
bility  experiments,  while  anode-supported  cells  were  used  to  study 
the  co-poisoning  phenomena  with  higher  hydrocarbons,  schemat¬ 
ically  described  in  Fig.  4.  Thick  anode  substrates  (ca.  0.8  mm  in 
thickness)  coated  with  thin  electrolyte  layers  (ca.  30  p,m  in  thick¬ 
ness)  for  the  anode-supported  model  cells  were  obtained  from 
Japan  Fine  Ceramics  Co.,  Ltd.,  Japan.  As  an  electrolyte  material, 
Sc203-doped  zirconia(ScSZ:  10mol%  Sc203-1  mol%  Ce02-89mol% 
Zr02,  Daiichi  Kigenso  Kagaku  Kogyou,  Japan)  was  used.  The  mix¬ 
ture  of  NiO  and  ScSZ  was  applied  as  the  anode  material,  while  the 
conventional  La-Sr-Mn-Oxide  ((La0.8Sr0.2)o.98Mn03  (LSM),  >99.9%, 
Praxair,  USA)  was  used  as  the  cathode  material.  Since  the  anode 
layer  directly  attached  with  the  electrolyte  acts  as  a  functional  layer 
for  anodic  reactions,  the  common  mixing  ratio,  56  wt%  NiO-44  wt% 
ScSZ,  was  applied  for  both  the  electrolyte-supported  cells  and  the 
anode-supported  cells  for  the  comparison.  An  additional  anode 
layer  (80wt%  NiO-20wt%  ScSZ),  acting  as  a  current-collecting 
layer,  was  prepared  for  the  electrolyte-supported  cells  to  improve 
in-plane  electrical  conductivity  in  the  anode  layers,  while  such 
additional  layer  is  not  needed  for  the  anode-supported  cells  due 
to  their  sufficiently  higher  in-plane  conductivity  in  the  much 
thicker  Ni-based  anode  layers.  Electrode  layers  were  prepared  via 
screen-printing,  followed  by  heat-treatment  procedures.  Detailed 
preparation  procedures  have  been  described  previously  [7,15,16]. 
Reference  electrode  was  prepared  using  Pt  paste  and  was  located 
on  the  side  of  the  electrode  to  which  no  impurity  gas  was  supplied. 
Poisoning  tests  were  carried  out  mainly  at  800  °C  under  a  constant 
current  density  of  0.2  A  cm-2  for  comparison.  In  some  cases,  recov¬ 
ery  tests  were  also  done  by  substituting  an  impurity-containing  fuel 
to  an  impurity-free  fuel.  Typical  degradation  rate  of  the  electrolyte- 
supported  cells  and  the  anode-supported  cells  was  ca.  0.3%/1000h 
and  ca.  3%/1000h,  respectively. 


4.  Anode  poisoning 

4.1.  H2S  poisoning 

H2S  poisoning  has  been  analyzed  with  respect  to  various  oper¬ 
ational  conditions  [5-7].  As  an  example,  Fig.  5  shows  influence  of 
5  ppm  H2S  contaminant  on  the  cell  performance  at  800  °C  for  50% 
pre-reformed  methane  based  fuel  with  the  steam-to-carbon  ratio 
(S/C)  of  2.5.  The  anode  potential  (denoted  as  “Cell  voltage  (A-Re)”) 
was  measured  as  the  voltage  between  the  (working)  anode  and  the 
Pt  reference  electrode  on  the  cathode  side.  An  initial  cell  voltage 
drop  followed  by  a  quasi  steady-state  cell  voltage  can  be  observed, 
as  previously  reported  [5,6],  associated  mainly  with  an  increase 
in  anodic  overpotential  and  almost  constant  ohmic  (IR)  loss,  even 
up  to  3000  h.  Exactly  speaking,  cell  voltage  generally  decreased  up 
to  ca.  200  h  and  then  remained  almost  constant.  Cell  degradation 
rate  with  5  ppm  H2S  was  0.68%/1000h  and  it  was  slightly  higher 
than  the  value  without  H2S  of  0.3%/1000  h.  This  result  indicates  an 
accelerated  chemical  degradation  during  long-term  operation  in 
the  presence  of  minor  sulfur  impurities. 

Poisoning  mechanisms  by  sulfur,  a  typical  common  SOFC  fuel 
impurity,  have  been  extensively  analyzed  for  various  fuels,  includ¬ 
ing  H2,  ir2-CO,  Cir4,  partially  reformed  CFI4,  and  simulated  biogas 
[3-7,10].  Based  on  the  findings  and  considerations  mentioned 
below,  possible  sulfur  poisoning  mechanisms  are  summarized,  as 
schematically  described  in  Fig.  6.  For  relatively  low  concentra¬ 
tions  (ppm  level)  of  sulfur,  reversible  processes  associated  with 
adsorption/desorption  of  sulfur  have  been  considered  as  the  pre- 


9132 


I<.  Sasaki  et  al.  /  Journal  of  Power  Sources  196(2011)  9130-9140 


a  600°C,  5  ppm  H2S  C 


c  600°C,  100  ppm  H2S 

c 


d  800°C,  100  ppm  H2S 

C 


Fig.  2.  C-H-O-Ni-S  stability  diagram  showing  the  stable  region  of  Ni-sulfur  compounds,  thermochemically  calculated  for  (a)  600 °C  and  (b)  800 °C  with  5  ppm  H2S  and  (c) 
600  °C  and  (d)  800  °C  with  100  ppm  H2S.  The  stability  region  of  Ni3S2  locates  near  the  line  along  with  the  positions  of  C,  CO,  C02,  and  H20.  The  stability  region  of  NiS04  lies 
in  the  oxygen-rich  triangular  region  surrounded  by  the  lines  among  the  positions  of  02,  C02,  and  H20.  Mixtures  of  gaseous  species  are  denoted  as  “gas_ideal”  in  the  figures, 
as  all  gaseous  species  have  been  considered  as  ideal  gases  in  the  thermochemical  calculations. 


dominant  mechanism  [5-7],  as  described  in  Fig.  6(b).  Importance 
of  dissociative  adsorption  of  sulfur  on  Ni  has  been  verified  both 
experimentally  [17]  and  theoretically  [18-20].  The  initial  cell  volt¬ 
age  drop  remained  almost  constant  at  the  fuel  utilizations  ranging 
from  ca.  zero  to  75%  [21],  but  increased  considerably  in  CO-rich 
fuels  [5,6].  As  schematically  shown  in  Fig.  6(e)  and  (f),  larger  volt¬ 
age  drop  in  CO-rich  fuels  (i.e.  FI2-poor  fuels)  may  be  partly  due  to 
more  preferred  adsorption  of  sulfur  on  Ni  in  the  equilibrium  reac¬ 
tion  (FI2S(g)^Sad +  H2(g)))  with  decreasing  FI2  concentration.  At 
a  higher  sulfur  concentration  and/or  a  lower  operational  temper¬ 
ature,  an  irreversible  degradation  had  been  observed  associated 
with  the  oxidation  of  Ni  in  case  anodic  overpotential  was  very  large 
[5,6],  as  described  in  Fig.  6(g).  Sulfur  poisoning  to  internal  reform¬ 
ing  reactions  is  also  serious  as  shown  in  Fig.  6(d)  compared  with 


Fig.  6(c),  so  that  much  larger  cell  voltage  drop  has  been  observed  in 
case  CH4-rich  fuels  were  supplied  [7].  In  addition,  the  C-FI-O-Ni-S 
stability  diagram,  as  shown  in  Fig.  2,  suggests  that  the  formation  of 
Ni3S2  (melting  point:  787  °C)  could  be  possible  for  hydrogen-poor 
fuels,  as  described  in  Fig.  6(h). 

4.2.  Microstructural  changes  by  other  impurities 

Impurity  poisoning  phenomena  have  been  analyzed  for  other 
impurities,  including  chlorine,  phosphorus,  boron,  and  siloxane 
on  the  anode  side.  Fig.  7  shows  FESEM  micrographs  of  anodes 
poisoned  by  these  impurities  of  ppm  levels  [10].  Chlorine  poison¬ 
ing  was  mainly  associated  with  the  sublimation  of  NiCl2,  while 
siloxane  poisoning  led  to  silica  deposition.  Phosphorus  is  reactive 
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Fig.  3.  Stability  diagrams  of  the  Ni-H-O-X  (X:  (a)  S,  (b)  P  and  (c)  B)  system  thermo- 
chemically  calculated  at  800  °C  assuming  Ph2  ~  1  bar. 


with  Ni  to  form  a  eutectic  compound.  The  presence  of  boron 
accelerated  the  grain  growth  of  Ni  in  the  anodes.  In  fact,  a  supply 
of  real  coal  gas,  containing  various  impurities  such  as  sulfur,  to 
SOFC  anodes  can  lead  to  partially  melted  anode  microstructure 
as  reported,  e.g.  by  Kuramoto  et  al.  [22].  Similar  structural  change 
has  also  been  observed  in  phosphorus  poisoning  reported,  e.g.  by 
Marina  et  al.  [23]. 

4.3.  Phosphorus  and  boron  poisoning 

Fig.  8(a)  shows  the  cell  voltage  poisoned  by  ca.  2  ppm  PH3  for 
lOOh.  The  degradation  of  cell  voltage  was  confirmed  to  be  ca. 
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Fig.  4.  Schematic  drawings  of  SOFC  model  cells  used  in  this  study  for  systematically 
comparing  various  chemical  degradation  phenomena:  (a)  electrolyte-supported 
model  cell  and  (b)  anode-supported  model  cell. 


Fig.  5.  Cell  voltage  (anode  potential  vs.  Pt  reference  electrode  on  the  cathode  side), 
anodic  overpotential,  and  anode-side  ohmic  loss,  measured  at  0.2  A  cm-2  during 
5  ppm  H2S  poisoning  at  800 °C  for  the  50%-prereformed  CH4  fuel  with  S/C  =  2.5,  up 
to  3000  h.  “(A-Re)”means  the  cell  voltage  obtained  between  the  anode  and  the  ref¬ 
erence  electrode,  so  that  the  influence  of  the  cathode-side  voltage  loss  has  been 
excluded. 
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Fig.  6.  Possible  sulfur  poisoning  mechanisms  of  SOFCs. 


18%  after  100-h  poisoning,  which  was  mainly  attributed  to  an 
increase  in  anodic  overpotential  at  800  °C.  FESEM-EDX  observation 
(see  Fig.  7)  clearly  revealed  that  supply  of  phosphorus  impurity 
resulted  in  the  formation  of  melted  Ni-based  particles,  and  this 
occurred  mostly  at  around  the  anode  surface.  Similar  phenom¬ 
ena  including  voltage  and  anode  microstructural  change  were 
observed  in  the  case  of  boron  poisoning  by  200  ppb  EIBO(g)  (see 
Figs.  7  and  8(b)),  suggesting  that  boron-based  compounds  pro¬ 
moted  the  grain  growth  of  Ni  and  led  to  gradual  degradation  of 
anode  performance  [10]. 

4.4.  Chlorine  poisoning 

Cell  voltage  change,  poisoned  by  Cl2  in  different  concentrations 
ranging  from  5  ppm  to  1000  ppm  at  800  °C  for  150h  at  a  constant 
current  density  of  0.2  A  cm-2,  is  shown  in  Fig.  9  [  1 6].  It  is  necessary 
to  reveal  the  influence  of  chlorine  compounds  in  higher  concentra¬ 
tions  on  SOFC  performance  since  1 00  ppm,  or  higher  concentration, 
may  be  contained  in  SOFC  practical  fuels,  especially  in  coal  gas.  The 
poisoning  test  by  up  to  1000  ppm  Cl2  was  therefore  conducted,  and 
durability  tests  at  higher  concentrations  of  Cl2  could  be  regarded 
as  “acceleration  tests”  of  Cl2  poisoning.  As  a  consequence,  3%- 
humidified  FI2  fuel  containing  Cl2  at  and  above  100  ppm  caused 
continuous  degradation  of  cell  voltage  with  an  almost  constant 
degradation  rate,  which  increased  with  increasing  Cl2  concentra¬ 
tion.  The  initial  differences  in  cell  voltage,  ranging  from  0.9  to 


0.95  V,  were  mainly  due  to  differences  in  each  cell  performance. 
The  degradation  rate  per  lOOh  was  ca.  9.4%  for  3%-humidified  H2 
fuel  containing  1000  ppm  Cl2.  Partial  recovery  of  cell  performance 
was  also  observed  after  stopping  Cl2  contamination  [16]. 

4.5.  Siloxane  poisoning 

Fig.  1 0  shows  the  change  in  cell  voltages  by  1 0  ppm  siloxane  (D5) 
in  3%-humidified  FI2  at  800  °C,  900  °C,  and  1000°C  [10].  This  figure 
clearly  shows  that  cell  voltage  decreased  gradually  with  time,  and 
at  each  operational  temperature,  poisoning  by  siloxane  for  30-50  h 
resulted  in  a  fatal  degradation  of  cell  performance.  This  degradation 
has  been  confirmed  to  be  associated  with  the  formation  of  Si02(s) 
in  the  porous  cermet  anodes  [10],  as  also  shown  in  Fig.  7.  A  larger 
amount  of  Si02  (s)  was  precipitated  near  the  top  surface  of  the 
anode,  while  a  smaller  amount  of  Si02  (s)  was  also  located  in  the 
anode. 

4.6.  Co-poisoning  by  sulfur  and  hydrocarbons 

Un-reformed  hydrocarbons  and  sulfur  could  simultaneously 
flow  into  the  actual  SOFC  systems  as  minor  impurities,  especially 
in  case  desulfurization  reactor  is  degraded.  This  co-poisoning  effect 
has  been  investigated  experimentally.  Fig.  1 1  shows  cell  voltage,  in 
the  presence  of  3%  C2H6  and  3  ppm  H2S  in  the  50%-prereformed 
methane  fuel  (S/C  =  2.5),  revealing  that  the  voltage  drop  by  the  co- 


K.  Sasaki  et  al.  /  Journal  of  Power  Sources  196(2011)  9130-9140 


9135 


Siloxane 


$-5200  5  OkV  xlOClc  $€(C80) 

'  5O0nm  ' 

(El 

kSBawBlfr 

-v  Nils 

30  urn 

surface 

r 

$-5200  10  OkV  xl  50k  SE(C$0) 

900um 

T<iv, 


jM 


cross  section 

$-5200  5.0kV  x4.00k  $E(CS0) 


lOfim 


10  <Xim 


Ni 

Ni 

surface 

lOjum 

$-5200  5  OkV  x3.00k  $E(C80) 

lO.Oum 

Fig.  7.  Microstructural  change  of  anodes  by  various  impurities:  Cl2,  siloxane,  phosphorus,  and  boron  [10].  Nanocrystalline  Ni  precipitates  after  chlorine  poisoning,  melted  Ni 
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grain)  anode  can  be  seen  in  the  cross  section  of  the  anode  after  the  siloxane  poisoning. 


poisoning  cannot  be  fully  recovered.  As  shown  in  Fig.  12,  carbon 
deposition  was  more  promoted  in  the  presence  of  both  a  trace  of 
H2S  and  higher  hydrocarbons,  and  considerable  carbon  deposition 
was  observed  especially  in  the  presence  of  propane  or  butane,  even 
during  the  operation  up  to  200  h.  FESEM  micrograph  of  deposited 
carbon  shown  in  Fig.  13  had  clearly  revealed  the  presence  of  carbon 
nanofibers.  Since  gas  transport  is  well  possible  among  the  deposited 
carbon  nanofibers,  a  continuous  power  generation  was  still  possi¬ 
ble. 

The  co-poisoning  effects  have  also  been  examined  for  higher 
hydrocarbon-based  fuels  containing  a  small  amount  of  sulfur 
impurities.  Fig.  14  shows  the  voltage  and  nonohmic  overpoten¬ 
tial  of  the  whole  anode-supported  cells,  measured  at  800  °C  and 
40  mA  cm-2  operated  up  to  5  h  using  iso-octane  fuels  humidified 
at  S/C  =  1.5,  with  and  without  H2S  impurity  of  5  ppm.  Opti¬ 
cal  micrographs  of  the  anodes  after  these  experiments  are  also 
shown  in  this  figure.  Fig.  15  shows  the  chemical  composition 
of  the  outlet  gas,  measured  by  an  automatic  gas  chromatograph 
after  eliminating  water  vapor.  Without  sulfur  impurity,  cell  volt¬ 
age,  nonohmic  overpotential,  and  gas  composition  were  stable 
during  the  experiment.  However,  in  the  presence  of  H2S  impu¬ 
rity,  cell  voltage  gradually  decreased  with  time,  even  after  3h, 
associated  with  an  increase  in  nonohmic  overpotential.  Serious 
carbon  deposition  was  also  observed  after  the  measurement. 
In  addition,  as  shown  in  Fig.  15,  this  performance  degradation 
was  associated  with  a  decrease  in  hydrogen  and  CO  concen¬ 
trations,  while  concentrations  of  CH4  and  C2H4  increased  with 
time.  These  results  indicate  the  poisoning  of  internal  reform¬ 


ing  reactions  and  acceleration  of  carbon  deposition  by  the  minor 
sulfur  impurity  in  the  simultaneous  presence  of  higher  hydrocar¬ 
bons. 

4.7.  Poisoning  for  anode-supported  cells 

Anode-supported  cells  are  also  widely  used,  which  enable  the 
reduction  of  SOFC  operational  temperature.  Fig.  16  shows  the 
voltage  of  an  anode-supported  cell  and  an  electrolyte-supported 
cell  consisting  of  the  identical  materials  (see  Fig.  4)  as  the  anode 
functional  layers,  measured  under  the  same  5  ppm  H2S  poisoning 
condition.  While  an  initial  cell  voltage  drop  due  to  the  sulfur  impu¬ 
rity  was  commonly  observed  for  both  types  of  cells  followed  by 
a  meta-stable  cell  voltage,  a  certain  delay  time  before  cell  voltage 
drop  was  observed  for  the  anode-supported  cells.  This  result  indi¬ 
cates  an  importance  of  impurity  transport  within  the  porous  anode 
layers  from  the  top  surface  to  the  electrolyte/anode  interface,  i.e. 
three  phase  boundary. 

4.8.  Acceleration  test  procedures  of  impurity  poisoning 

Chemical  degradation  caused  by  external  impurities  may  be 
accelerated  with  increasing  impurity  concentration.  Therefore 
acceleration  test  procedures  may  be  considered  using  fuel  gases 
containing  higher  concentrations  of  impurity  species.  As  a  case 
study,  Fig.  17  shows  the  time-dependent  change  of  cell  voltage, 
anode  potential,  ohmic  loss,  and  anodic  overpotential  measured 
at  H2S  concentration  of  100  ppm,  carried  out  as  an  acceleration 
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Fig.  8.  Cell  voltage  poisoned  by  (a)  ca.  2  ppm  PH3(g)  at  800,  900,  and  1000  °C,  and 
(b)  ca.  200  ppb  HBO(g)  at  800  °C  for  100  h  (fuel:  3%-humidified  H2,  current  density: 
0.2  A  cm-2). 


test.  Since  the  initial  cell  voltage  drop  is  a  reversible  equilib¬ 
rium  process  and  thus  cannot  be  accelerated,  the  degradation 
rate  in  the  meta-stable  stage  beyond  ca.  200  h  was  evaluated. 
As  the  degradation  rate  tends  to  increase  with  increasing  H2S 
concentration,  the  durability  tests  at  higher  impurity  concen¬ 
trations  may  be  regarded  as  the  acceleration  tests  to  analyze 
long-term  durability  of  SOFCs,  with  respect  to  sulfur  toler¬ 
ance. 


Fig.  9.  Cell  voltage  poisoned  by  Cl2  in  different  concentrations  at  800  °C  [16]. 


Fig.  10.  Cell  voltage  poisoned  by  10  ppm  siloxane  (D5)  at  800  °C,  900  °C,  and  1 000  °C 
(fuel:  3%-humidified  H2,  current  density  =  0.2  A  cm-2)  [15]. 
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Fig.  11.  Cell  voltage  of  anode-supported  SOFCs  poisoned  by  3  ppm  H2S  for  25  h  and 
recovered  for  15  h  in  50%  pre-reformed  CH4  with  or  without  3%  C2H6  at  800  °C. 


5.  Cathode  poisoning 

5.1.  Influence  of  water  vapor  in  air 

Since  water  vapor  is  formed  by  electrochemical  reactions  at 
the  anodes,  the  presence  of  water  vapor  is  usually  neglected 
in  considering  cathode  performance.  However,  since  the  ambi¬ 
ent  air  will  be  continuously  supplied  to  the  SOFC  cathodes,  the 
influence  of  water  vapor  in  the  ambient  air  should  be  con¬ 
sidered  in  order  to  examine  long-term  practical  durability  of 
SOFC  cathodes.  Fig.  18  shows  influence  of  water  vapor  on  the 
performance  of  SOFCs  with  the  LSM  cathode.  Fully  humidified 
air  contains  water  vapor  of  ca.  3%,  so  that  the  durability  tests 
beyond  3%  (H20)  are  regarded  as  acceleration  tests  [24,25].  These 
results  demonstrated  that  gradual  degradation  was  accompanied 
by  an  increase  in  cathodic  overpotential  at  and  below  10vol% 
of  water  vapor  (the  mixture  of  90vol%  air  and  10vol%  water 
vapor).  Rapid  degradation  occurred  with  an  increase  in  cathode- 
side  ohmic  loss  when  20vol%  of  water  vapor  was  supplied  in  the 
cathode  gas.  Under  the  typical  operational  conditions  with  dry, 
3  and  5vol%  humidified  air,  nearly  no  degradation  was  distin¬ 
guished. 
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Fig.  12.  Anode  surface  of  cells  after  poisoning  test  (poisoning  200  h)  by  mixing  with 
(a)  3%  C2H6  and  3  ppm  H2S,  (b)  3%  C3H8  and  3  ppm  H2  S,  and  (c)  i-C^o  and  3  ppm 
H2S,  revealing  severe  accelerated  carbon  deposition. 

5.2.  S02  poisoning 

S02  is  one  of  the  typical  contaminants  in  the  ambient  air.  Chem¬ 
ical  degradation  of  cathode  materials  has  been  reported  to  form, 
e.g.  SrS04-related  phase  in  acceleration  experiments  [24,26,27]. 
We  are  now  focusing  on  1000-h  scale  durability  against  S02  poi¬ 
soning.  Fig.  19  shows  the  dependence  of  cell  performance  on  S02 
concentration  for  LSM  cathode  up  to  1000  h.  While  actual  S02  con¬ 
centration  in  atmospheric  air  is  generally  0.1  ppm  or  even  lower  in 
major  cities,  S02  concentration  of  up  to  20  ppm  was  mixed  with  air 
as  an  accelerated  test  to  clarify  the  poisoning  effect  of  sulfur  on  the 


Fig.  13.  FESEM  image  of  the  deposited  carbon  on  the  anode  surfaces  after  3  ppm 
H2S  poisoning  test  for  200  h  with  3%  C3H8. 

durability  of  SOFC  cathodes.  Serious  cell  degradation  did  not  occur, 
while  a  change  in  cell  voltage  has  been  reported  at  lower  tempera¬ 
tures  [28].  Cathode-side  ohmic  loss  and  cathodic  overpotential  did 
not  increase  over  1000  h  even  for  20  ppm  S02  at  800  °C.  Formation 
of  SrS04  in  the  LSM  cathode  was  detected  by  FESEM-EDX  analysis 
indicating  that  Sr  can  react  with  S02  at  800  °C  [24].  This  chemical 
reaction  proceeded  on  whole  external  surface  of  LSM. 

6.  Summary  and  outlook 

Chemical  degradation  of  SOFCs  caused  by  various  external 
impurities  has  been  evaluated  and  compared  by  electrochemical 
characterizations,  thermochemical  calculations,  and  microstruc- 
tural  analysis.  Fundamental  knowledge  with  respect  to  degradation 
behaviours  and  poisoning  mechanisms  by  some  typical  impu¬ 
rities  has  been  developed  that  may  enable  the  optimization  of 
fuel  purification  and  system  components  selection,  and  may  offer 
acceleration  test  procedures.  Based  on  the  present  study  and  the 
previous  results  cited,  typical  chemical  degradation  mechanisms 
are  schematically  summarized  in  Fig.  20.  As  described  in  Fig.  20(a), 
adsorption-type  poisoning  phenomena  have  been  observed  for 
sulfur  in  relatively  low  concentrations.  In  the  chlorine  poisoning, 
sublimation  of  NiCl2(g)  was  predominant  as  shown  in  Fig.  20(b), 
while  a  partial  recovery  of  cell  voltage  drop  was  also  distinguished. 
As  shown  in  Fig.  20(c),  deposition  of  Si02(s)  in  the  siloxane  poi¬ 
soning  (see  Section  4.5)  and  accelerated  deposition  of  carbon  in 
the  simultaneous  presence  of  sulfur  and  hydrocarbons  (see  Section 
4.6)  were  observed.  Thermochemical  calculations  predict  in  much 
higher  sulfur  concentrations  the  formation  of  Ni3S2,  which  will  be 
in  solid  state  at  600  °C  (see  Fig.  2(a)  and  (c))  but  in  liquid  state  at 
800  °C  (see  Fig.  2(b)  and  (d)),  causing  reaction-type  (see  Fig.  20(d)) 
and  eutectic-type  (see  Fig.  20(f))  poisoning  phenomena,  respec¬ 
tively.  The  presence  of  grown  Ni  grains  in  boron  poisoning  and 
melted  Ni  particles  in  phosphorus  poisoning  in  Fig.  7  indicates  irre¬ 
versible  chemical  degradation  associated  with  grain  growth  (see 
Fig.  20(e))  and  eutectic  formation  (see  Fig.  20(f)),  respectively. 

Following  chemical  poisoning  phenomena  should  be  taken  into 
consideration  to  ensure  the  long-term  durability  of  SOFCs: 

(1)  Reactive  species  with  electrode  materials,  such  as  phospho¬ 
rus  and  boron  reactive  with  Ni,  must  be  eliminated  as  much 
as  possible. 

(2)  Deposition- type  degradation  caused  by,  e.g.  siloxane  should  be 
prevented,  which  cannot  be  removed  and  recovered. 

(3)  Poisoning  by  sulfur  with  a  typical  low  concentration  of  ppm 
level  is  reversible  and  can  be  recovered  after  removing  sulfur 
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Fig.  14.  Cell  voltage  and  overpotential  of  anode-supported  SOFCs  measured  in  feeding  iso-octane  (S/C  =  1.5)  as  a  fuel  at  800  °C,  40  mA  cm-2  for  5  h:  (a)  no  poisoning  and  (b) 
5  ppm  H2S  poisoning. 


impurities.  However  a  continuous  contamination  by  sulfur  at 
a  high  concentration  can  increase  long-term  degradation  rate. 
Co-poisoning  effects  of  sulfur  with  hydrocarbons  can  accelerate 
carbon  deposition. 

(4)  Concentrations  of  moderately  reactive  species,  such  as  CI2  for 
the  Ni-based  anodes  and  S02  for  the  cathodes,  should  be  con¬ 
trolled  below  their  tolerant  concentrations. 

Experimental  studies  using  larger  cells  for  practical  SOFC  sys¬ 
tems  are  now  ongoing.  Further  studies  are  being  extended  to 
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Fig.  15.  Compositions  of  the  anode  exhaust  gases  in  feeding  iso-octane  (S/C  =  1 .5)  as 
a  fuel  at  800  °C,  40  mA cm-2  for  5  h:  (a)  no  poisoning  and  (b)  5  ppm  H2S  poisoning. 
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Fig.  16.  Cell  voltage  of  anode-supported  SOFCs  measured  at  800  °C,  0.2  Acm-2  poi¬ 
soned  by  H2S  (5  ppm)  in  for  the  humidified  H2 -based  fuel. 
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understand  the  detail  poisoning  mechanisms  and  how  the  degrada¬ 
tion  behaviour  is  varied  with  changing  operational  parameters  such 
as  correlation  between  degradation  rate  and  operational  conditions 
including  impurity  concentration.  Lastly,  the  tolerant  concentra- 
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Fig.  17.  Cell  voltage,  anodic  overpotential,  anode-side  ohmic  loss,  and  anode  poten¬ 
tial  vs.  reference  electrode  (Pt  on  the  cathode  side),  measured  at  0.2  A  cm-2  poisoned 
by  lOOppm  H2S  in  the  50%-prereformed  CH4  fuel  with  S/C  =  2.5  at  800 °C,  up  to 
lOOOh. 
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Fig.  18.  Cell  voltage  measured  at  800  °C,  0.2  A  cm-2,  showing  the  influence  of  water 
vapor  in  air  on  the  performance  of  SOFCs  with  the  LSM  cathode  at  different  water 
vapor  contents  [17].  Volume  concentration  of  water  vapor  in  the  water  vapor-air 
mixtures  was  shown  in  this  figure. 


Fig.  19.  Cell  voltage,  cathode-side  ohmic  loss,  and  cathodic  overpotential  measured 
at  800  °C,  0.2  A  cm-2,  showing  the  influence  of  SO2  in  air  on  the  performance  of 
SOFCs  with  LSM  cathodes  [24]. 
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Fig.  20.  Possible  impurity  poisoning  mechanisms  of  SOFC  anodes. 
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tions  of  each  impurity  to  achieve  sufficient  durability  (preferably 
more  than  40,000  h)  of  SOFCs  are  to  be  revealed. 
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